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Since polycrystals of alkali halides are highly useful as 
components in optical devices, a number of mixed crys-
tals of NaBr and KBr have been prepared from melt by 
other workers. Among these crystals, it was reported that 
the polycrystal Na0.4K0.6Br exhibits the strongest temper-
ature variation of the dielectric constant. Here, we show 
quantitatively that this is due to the temperature variation 
of the ionic polarizability. 
 
 
1 Introduction It has been suggested, long ago, 
that several physical properties (e.g., the dielectric constant 
[1], the compressibility [2], the conductivity [3]) of alkali 
halide mixed crystals can be determined in terms of the 
corresponding properties of the pure end members (for a 
relevant review see chapter 12 of Ref. [4]). Several exper-
imental studies appeared [5-12] on single phased and 
multiphased mixed crystals of alkali halides as a result of 
the intensified interest when it was realized that 
polycrystals of alkali halides are highly useful as compo-
nents in optical devices [13]. As a first attempt towards 
understanding these experimental results, a procedure has 
been suggested [14], which enables the estimation of the 
compressibility of the multiphased mixed crystals in terms 
of the elastic data of the end members alone (this will be 
summarized later in Section 3). The key point of that pro-
cedure proposed [14] was the consideration of the volume 
variation produced by the addition of a “foreign molecule” 
to a host crystal as a defect volume whose compressibility 
was calculated on the basis of a thermodynamic model 
(termed cB  model) that has been found of value for the 
calculation of the defect (formation and migration) pa-
rameters in a large variety of solids [15-21]. 
Here, we deal with the experimental study [22] 
that refers to multiphased mixed crystals of NaBr and KBr. 
In this study, Padma and Mahadevan [22] achieved the 
preparation of mixed crystals NaxK1-xBr of NaBr and KBr 
from melt and their X-ray diffraction analysis indicated the 
existence of two phases in the mixed crystals. The growth 
of the following five systems was reported [22]: 
Na0.2K0.8Br, Na0.4K0.6Br, Na0.5K0.5Br, Na0.6K0.4Br, 
Na0.8K0.2Br (the composition written is taken for crystalli-
zation, see their Table 1). Beyond the study of thermal pa-
rameters (Debye-Waller factor, mean square amplitude of 
vibration, Debye temperature and Debye frequency), Pad-
ma and Mahadevan performed electrical measurements in 
all these (polycrystalline) mixed systems in the tempera-
ture range 308
o
 to 423
o
K. Namely, they measured the dc 
and ac conductivity (labeled 
dc  and ac ) as well as the 
(real part of the) dielectric constant ( ) and the dielectric 
loss factor ( tan ). They found that the values of 
dc ,  ,  
tan  and 
ac  increase with increasing temperature. 
However, this increase is different for different mixed sys-
tems. The results obtained indicated that the bulk composi-
tion has nonlinear influences on the electrical parameters. 
(Such a behavior has been also observed earlier [23] for 
single crystals NaBr-KBr). This nonlinearity is found to 
increase with the increase in temperature in the 
dc ,  ,  
tan  and 
ac  values. In particular, Padma and 
Mahadevan [22] plotted each of these parameters versus 
the composition x and a maximum was identified at x=0.4 
(see their figures 5, 6, 7 and 8). This maximum was very 
pronounced at the highest temperature (423
o
K) studied. In 
other words, among the five mixed systems mentioned 
above, the second one, i.e., Na0.4K0.6Br exhibited a maxi-
mum in the corresponding plots for each of the parameters  
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dc ,  ,  tan  and ac  versus x, which was very pro-
nounced for the temperature of  423
o
K. 
In this paper we solely focus on the explanation of 
the variation of    with temperature for which Padma and 
Mahadevan [22] offered the following qualitative remarks: 
This is generally attributed to the crystal expansion, the 
electronic and ionic polarizations and the presence of im-
purities and crystal defects. The variation at low tempera-
tures is mainly due to the expansion and electronic and 
ionic polarizations. In the case of alkali halide crystals, the 
electronic polarizability has no role to play. The increase at 
higher temperatures is mainly attributed to the thermally 
generated charge carriers and impurity dipoles. So, the ob-
served increase in dielectric constant with temperature is 
essentially due to the temperature variation of ionic 
polarizability.  
Before proceeding, and concerning the aforemen-
tioned qualitative arguments of Padma and Mahadevan 
[22], we note the following. Analytical reagent grade sam-
ples of NaBr and KBr were the starting materials they used 
for the growth of crystals. As they noticed, the dominant 
impurities present in NaBr including iron (0.001%) and 
those present in KBr included the divalent cations (calcium 
0.001% and magnesium 0.001%). No specific controls 
were provided to prevent these impurities from entering 
the crystals. Actually, early studies [24] have shown that in 
alkali halides the presence of the aforementioned divalent 
cations produce (for reasons of charge compensation) addi-
tional cation vacancies; at low temperatures, a portion of 
these vacancies –which depends on temperature- are 
“bound”, i.e., they are attracted by the nearly divalent cati-
ons, thus forming electric dipoles (usually termed com-
plexes [24]) that contribute to the real (and imaginary) part 
of the dielectric constant. The remaining “free” vacancies 
(i.e., located far away from the impurities), contribute to 
the dc conductivity of the material (this contribution raises 
the so called extrinsic region [25] of the conductivity plot 
( )n T  vs 1 T ). A theoretical calculation of the extent 
to which this phenomenon contributes to the observed 
temperature dependence of the dielectric constant is tedi-
ous and, at the present stage, not possible, since it demands 
the knowledge of the “association” (and “dissociation”) pa-
rameters that govern the population of the electric dipoles 
“divalent impurity – cation vacancy” at each temperature. 
Unfortunately, these parameters have not been reported ei-
ther in Ref. [4] or in other publications. In view of this dif-
ficulty, we restrict ourselves here to the calculation of the 
contributions of the electronic and ionic polarizability to 
the temperature dependence of the dielectric constant. 
Along these lines, a theoretical model is presented in the 
next section. 
 
2 The model that accounts for the temperature 
dependence of the electronic and ionic polarizability  
Here, we extend an early model suggested in Refs. [26-28] 
for the pure alkali halides to the case of mixed systems.  
Szigeti [29], within the frame of classical theory, 
proposed the following two relations that interconnect the 
low frequency (  ) and high frequency (  ) dielectric 
constant of (undoped) alkali halides with the transverse op-
tical mode frequency 
OT
 : 
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where f  is the short-range force constant,   the volume 
per ion pair,   the reduced mass and e  the so called 
Szigeti effective charge. If we denote   and   the elec-
tronic polarizabilities of the cation and anion respectively, 
the classical Lorentz – Lorentz relation reads: 
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while the low frequency (static) dielectric constant    can 
be calculated from: 
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where 
ion  stands for the ionic polarizability given by  
2
ion e f        (5)  
It has been found, however, that Eq. (4) agrees with the 
experimental data only when 
ion  takes the value: 
2
ion e f
       (6) 
Considering that the number of cations (or anions) per unit 
volume is equal to 
34 , where  denotes the lattice con-
stant in a NaCl structure, and that 
OT
  can be approxi-
mately calculated by the relation 
2
OT
const B   , 
where B  stands for the bulk modulus, a combination of 
the aforementioned relations finally leads to: 
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in which   depends on the temperature through the rela-
tion 
3 3
0
0
exp
T
dT  , where   is the thermal volume 
expansion coefficient. Obviously, the term in the right 
hand side of Eq. (7) refers to the ionic polarizability, while 
the term 
3
16
( )
3

    to the electronic polarizability. 
   
 In order to overcome the difficulty of the un-
known value of the “ const ” involved in the right hand 
side of Eq. (7), we first apply this equation to a tempera-
ture 
OT  (e.g., at room temperature, R.T.) and then deter-
mine the value of   at any other temperature (after disre-
garding, to a first approximation, corrections due to the 
volume dependence of the Szigeti charge). This leads to:   
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where the quantity A , defined as 
16
( )
3
A

    , 
is known from the measured value of   through Eq. (3). 
Since, however   has not been measured in Ref. [22] at 
various temperatures, we have to rely on the approximation 
that A  is temperature independent. Furthermore, note that 
in Eq. (8) the values of the quantities  , B  and   corre-
spond to any desired temperature T, while the subscript 
“o” denotes the relevant values at 
OT T .  
 3 Application of Eq. (8) to the mixed system 
Na0.4K0.6Br  Let us now apply Eq. (8) to the system 
Na0.4K0.6Br which, among the five mixed systems studied, 
exhibits the strongest temperature variation, as discussed 
above. 
 We take as 
OT  the lowest temperature of 308
o
K 
for which the dielectric constant measured by Padma and 
Mahadevan to be 38.7. At this temperature, they reported 
the value of the compressibility 
11 28.389 10 /O m N
  . The latter gives for the cor-
responding bulk modulus ( 1/ )O OB   the 
ue OB =11.92 GPa, for the mixed system. In order to ap-
ply Eq. (8), to the highest temperature (423
o
K) at which 
the dielectric constant has been measured in Ref. [22], we 
need to know the corresponding values of B  and , 
which unfortunately have not been measured by Padma 
and Mahadevan [22] at temperature higher than 308
o
K. 
Hence, we must rely on certain approximations to estimate 
them: 
We start with the lattice constant , which is cal-
culated as follows: The molar volume of the mixed crystal 
is given by 
1 2(1 )V xV x V   , where 1V  and 2V  stand 
for the corresponding volumes of NaBr and KBr. Hence 
3 3 3
1 2(1 )x x   , where 1 , 2  correspond to the 
lattice constants of the pure end members KBr and NaBr 
respectively. ( Thereafter, the subscripts “1” and “2” at all 
the quantities used will refer to KBr and NaBr, respective-
ly). Thus, considering the values 
10
1 6.60 10 m
   and 
10
2 5.98 10 m
    for 
OT =308
o
K we find 
106.39 10O m
   for the mixed system. The same 
is repeated for the highest temperature T =423oK, by con-
sidering the corresponding values of the thermal expansion 
coefficient 
4 11.43 10 K     for KBr and 
4 11.46 10 K     for NaBr  (obtained from an inter-
polation of their corresponding values of   at room tem-
perature and their melting temperature [30]). Thus we find 
the value 
106.42 10 m   at T =423oK for the mixed 
system.  
We now turn to the value of B . We first consider 
for KBr the compressibility values 
1144.03 10  and 
11 26.8 10 /m N  reported by Vaid et al [30] for the 
melting temperature (1007
o
K) and room temperature 
(R.T.), respectively, and therefrom we find the correspond-
ing values of the bulk modulus. Then, by considering that 
in the high temperature range the B1-value decreases al-
most linearly upon increasing the temperature [4], we find 
–by linear interpolation- that the corresponding B1-value at 
423
o
K is around 9.74 GPa. We now proceed to the calcula-
tion of B  for the mixed system, by following the proce-
dure developed in Ref. [14]. This, in general, can be sum-
marized as follows: Let 
1  be the volume per “molecule” 
of the pure component (1) (usually assumed to be the ma-
jor component in the aforementioned mixed system). 
Without losing generality, we assume that 
1  is smaller 
than the volume 
2  per “molecule” of the pure component 
(2). Obviously 
1 1V N  and 2 2V N , where N  
stands for Avogadro’s number. We now define a “defect 
volume” 
d as the increase of the volume 
1V  if one 
“molecule” of type (1) is replaced by one “molecule” of 
type (2). Thus, the addition of one “molecule” of type (2) 
to a crystal containing N  “molecules” of type (1) will in-
crease its volume by 1
d  , where d  is a defect vol-
ume (see also below). If  
d   is independent of composi-
tion, the volume 
N nV   of a crystal containing N  “mole-
cules” of type (1) and n  “molecules” of type (2)  should 
be equal to: 
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which upon differentiating with respect to pressure leads 
to: 
1 1[1 ( / )]
d d
N nV n N V n          (10) 
where  , 1  and 
d  denote the compressibility of the 
mixed crystal,the end member 1 and the volume 
d , re-
spectively. In the hard-spheres model, the “defect volume” 
d  can approximately determined from: 
2 1( ) /
d V V N    or 2 1
d       (11) 
and the compressibility 
d  of the volume d  is given by: 
2 2(1/ ) ( / ) / [( / ) 1]d TB d B dP dB dP     (12) 
when considering the so-called cB  model, which has 
been found to be successful for describing the parameters 
for the formation and migration of the defects in a variety 
of solids [15-21]. Thus, since 
N nV   can be directly com-
puted from Eqs. (9) and (11), the compressibility   of the 
mixed system is calculated from Eq. (10) 
Let us now apply the aforementioned procedure to 
the case of the mixed system, i.e., (NaBr)0.4(KBr)0.6 in 
which the end member (pure) crystal (1) with the higher 
composition is of course KBr. In order to calculate 
d , 
from Eq. (12), we use the following values for KBr: 
(dB1/dP)T=5.38 [31] and d
2
B/dP
2
=-0.492 GPa
-1
 –obtained 
from the relation [14] B1(d
2
B1/dP
2
) = - (4/9)(n
B
+3), where 
n
B
 is the usual Born exponent [31, 32]- along with the 
aforementioned value of B1=9.74GPa at T=423
o
K. By in-
serting these values into Eq. (12) we find 
d =21.50 GPa-1. 
Furthermore, by considering the 
1  and 2  values of KBr 
and NaBr respectively, we find 
d  from Eq. (11) and 
N nV   from Eq. (9), at T=423
o
K and finally obtain from Eq. 
(10) the value of ( 1/ )B  =10.96 GPa for the mixed 
system at that temperature. 
By inserting into Eq. (8) the values of 
=6.4210-10m and B =10.96 GPa derived in the previ-
ous paragraphs,  we find that the value of the dielectric 
constant   is  =71.45. This agrees nicely with the exper-
imental value 69.3 reported in Ref. [22]. 
4 Discussion  We first comment on the fact that at 
423
o
K the calculated value differs slightly, i.e. only by 3% 
(a difference which is anyhow between the experimental 
error), from the experimental one. This is remarkable, es-
pecially if we take into account that the  -value measured 
at the highest temperature (T=423
o
K ) is almost by a factor 
of around two larger than the corresponding value meas-
ured at the lowest temperature T=308
o
K. The origin for the 
success of Eq. (8) to account for such a considerable tem-
perature dependence of  , could be better understood 
from an inspection of Eq. (7), which reveals the following: 
In general, since 
3
 exceeds 
3
0  at the most by a few per-
cent, what accounts for the large temperature of   is the 
temperature decrease of the bulk modulus upon increasing 
the temperature. This means that, as the temperature in-
creases, the ionic polarizability exhibits a considerable in-
crease, which reflects a large temperature increase of   as 
well. In other words, Eq. (7) quantifies the merit of the 
qualitative argument of Padma and Mahadevan mentioned 
in the Introduction that the increase in dielectric constant 
with temperature is essentially due to the temperature vari-
ation of the ionic polarizability. 
 
We now turn to an alternative usefulness of Eq. 
(7), which is of practical importance. Let us now assume 
that the temperature remains constant, but we vary the (ex-
ternal) pressure P. Then Eq. (7) predicts that   should also 
change upon varying the pressure mainly due to the pres-
sure variation of B (cf. in ionic crystals the quantity 
(dB/dP)T usually reaches considerable values, i.e. around 5 
or larger [4]). This seems to explain, in principle, the ob-
servation of the so called “coseismic” signals [33] i.e., the 
electric signals generated upon the arrival of the seismic 
waves at measuring site. (cf. These electric signals are en-
tirely different from the precursory electric signals that are 
detected days to weeks before an earthquake occurrence 
[34, 35]). This is so, because the arrival of seismic waves 
causes a time variation of pressure around the measuring 
electrodes which reflects –according to Eq. (7)- a time var-
iation of the polarization, thus producing electric signals 
(in a manner qualitatively similar to the well known piezo-
electric phenomenon). These signals are intensified when a 
considerable density of charged dislocations is also present 
[33]. 
. 
5 Conclusion  Among the five polycrystalline mixed 
systems of NaBr and KBr, one of them, i.e., Na0.4K0.6Br, 
exhibits the strongest temperature variation in the dielectric 
constant  . In particular, the  -value at 423oK is about 
twice that at 308
o
K. Here, we showed that this variation 
can be almost exclusively accounted for from the tempera-
ture increase of the ionic polarizability. 
 
References 
 [1] P. Varotsos, Phys. Status Solidi B 100, K133 (1980). 
   
 [2] P. Varotsos and K. Alexopoulos, J. Phys. Chem. Solids 41, 
1291 (1980). 
 [3] P. Varotsos, J. Phys. Chem. Solids 42, 405 (1981). 
 [4] P. Varotsos and K. Alexopoulos, Thermodynamics of Point 
Defects and their Relation with Bulk Properties (North-
Holland, Amsterdam, 1986). 
 [5] C. M. Padma and C. K. Mahadevan, Physica B 403, 1708 
(2008). 
 [6] C. M. Padma and C. K. Mahadevan, Mater. Manuf. Processes 
22, 362 (2007). 
 [7] N. Neelakanda Pillai and C. K. Mahadevan, Mater. Manuf. 
Processes 22, 393 (2007). 
 [8] G. Selvarayan and C. K. Mahadevan, J. Mater. Sci. 41, 8218 
(2006). 
 [9] G. Selvarayan and C. K. Mahadevan, J. Mater. Sci. 41, 8211 
(2006). 
[10] K. Jayakumari and C. K. Mahadevan, J. Phys. Chem. Solids 
66, 1705 (2005). 
[11] S. Perumai and C. K. Mahadevan, Physica B (Amsterdam) 
367, 172 (2005). 
[12] S. Perumai and C. K. Mahadevan, Physica B (Amsterdam) 
369, 89 (2005). 
[13] D. B. Sirdeshmukh, L. Sirdeshmukh and K. G. Subhadra, 
Alkali Halides: A Handbook of Physical Properties, 
Springer Series in Material Sceince Vol.49 (Springer, Berlin, 
2001). 
[14] V. Katsika-Tsigourakou and A. Vassilikou-Dova, J. Appl. 
Phys. 103, 083552 (2008). 
[15] P. Varotsos and K. Alexopoulos, J. Phys. Chem. Solids 38, 
997 (1977). 
[16] P. Varotsos, K. Alexopoulos, Phys. Status Solidi B 110, 9 
(1982). 
[17] P. Varotsos and K. Alexopoulos, Phys. Status Solidi A 47, 
K133 (1978). 
[18] P. Varotsos, N. Sarlis, M. Lazaridou, Phys. Rev. B 59, 24 
(1999). 
[19] P. Varotsos and K. Alexopoulos, Phys. Rev. B 21, 4898 
(1980). 
[20] P. Varotsos, Solid State Ionics 179, 438 (2008). 
[21] M. Lazaridou, C. Varotsos, K. Alexopoulos and P. Varotsos, 
J Phys C: 
       Solid State 18, 3891 (1985). 
[22] C. M. Padma and C. K. Mahadevan, Mater. Manuf. Proc-
esses 23, 143 (2008). 
[23] R. Ananda Kumari and R. Chandramani, Indian J. Phys. 77A, 
219 (2003). 
[24] P. Varotsos and D. Miliotis, J. Phys. Chem. Solids 35, 927 
(1974). 
[25] P. A. Varotsos and S. Mourikis, Phys. Rev. B 10, 5220 
(1974). 
[26] P. A. Varotsos, Phys. Status Solidi B 90, 339 (1978). 
[27] P. Varotsos, K. Alexopoulos, J. Phys. Chem. Solids 41, 443 
(1980). 
[28] P. Varotsos, K. Alexopoulos, J. Phys. Chem. Solids 42, 409 
(1981). 
[29] B. Szigeti, Proc. Roy. Soc. A 204, 51 (1950); A 261, 274 
(1961).  
[30] B. A. Vaid, K. C. Sharma and V. K. Syal, Phys. Stat. Solidi 
B 126, 59 (1984). 
[31] R. W. Roberts and Charles S. Smith, J. Phys. Chem. Solids 
31, 619 (1970). 
[32] S. Hart and P. H. Greenwood, Solid State Commun. 46, 161 
(1983). 
[33] E. Skordas, P. Kapiris, N. Bogris, and P. Varotsos, Proc. Ja-
pan Acad., Ser. B 76, 51 (2000). 
[34] P. Varotsos, K. Eftaxias, M. Lazaridou, K. Nomicos, N. Sar-
lis, N. Bogris, J. Makris, G. Antonopoulos, J. Kopanas, Acta 
Geophysica Polonica 44, 301 (1996). 
[35] P. Varotsos, N. Sarlis, M. Lazaridou, Acta Geophysica Polo-
nica 48, 141 (2000). 
[36] P.A. Varotsos, N. V. Sarlis, E. S. Skordas, EPL (Europhysics 
Letters) 99, 59001 (2012). 
[37] P. A. Varotsos, N. V. Sarlis, E. S. Skordas, and M. S. 
Lazaridou, Tectonophysics 589, 116 (2013). 
 
